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The droplet volatilization model developed in this K a is the equilibrium constant of the following acid-base reaction research was used to estimate losses of ammoniacal N from low-drift nozzles (LDN) and impact sprinklers. 
tration within a swine effluent droplet from sprinkler irrigation, the total ammoniacal N in a droplet, m t (g), can be Solving Eq.
[10] gives expressed as
where V is the volume of the droplet (m 3 ); and C t is the In Eq.
[11], C t (t ), V(t ), A(t ), h m (t ), and ␤(t ) are used in the total concentration of the ammoniacal N of all the component places of C t , V, A, h m , and ␤ to emphasize their variation with species (g m
time. In fact, all the equilibrium, transport, and geometric parameters in this paper vary with time. The time-dependence
of the equilibrium and transport parameters, such as Henry's where C NH ϩ 4 (aq) is the concentration of ammoniacal N in the constant and mass transfer coefficient originates from their dependence on temperature and the variation of temperature form of ammonium ions (g m Ϫ3 ); and C NH 3 (aq) is the concentrawith time. The time-dependence of the geometric parameters, tion of ammoniacal N in the form of dissolved ammonia (g m Ϫ3 ).
such as the diameter of a droplet, is caused by the evaporation Ignoring the concentration of ammoniacal N in the surof water from the droplet's surface. Variation of droplet size rounding air, the volatilization rate, J (g s Ϫ1 ), from a droplet with time is needed to compute droplet concentration at differcan be estimated by ent times using Eq. [11] .
The mass transfer coefficient of ammonia for freely falling liquid drops can be estimated by (Incropera and DeWitt, 1990) where h m in m s Ϫ1 is the mass transfer coefficient of ammonia across a concentration boundary layer around a droplet (In- transport from a spherical droplet into the surrounding air, the evaporation rate at equilibrium temperature can be exwhere d 0 is the initial diameter of a droplet (m). Substituting pressed as (Guyot, 1998; Incropera and DeWitt, 1990 
where E is the evaporation rate from a droplet (kg s 
, we obtain (MPa), and e a is the actual vapor pressure in the surrounding air (MPa).
The Magnus equation (Gordon et al., 1998) 
to spheroid droplets. In the case of droplet volatilization of ammonia from sprinkler irrigation with swine effluent, droplets were approximated as spheres. We are interested in the where D H 2 O,air is the binary diffusion coefficient of water vapor volatilization loss during the so called exposure time which is in the air (m 2 s Ϫ1 ), S c,w is the dimensionless Schmidt number defined as an interval between the time a droplet leaves the for the transport of water vapor in the air nozzle and the time it hits the ground. The relative loss of ammoniacal N from a spherical droplet, ⌬N r , was defined as
the ratio of decrease in the amount of ammoniacal N in the droplet to the initial amount and can be expressed as Given an equilibrium droplet temperature, Eq.
[21] can be used to calculate the evaporation rate of water from a droplet.
The equilibrium temperature can be determined from the where t e is the exposure time (s) and d e is the droplet diameter energy balance of a droplet. Neglecting the longwave heat at the time it hits the ground (m). The relative decrease in loss from a droplet, the energy balance of a droplet under concentration of ammoniacal N in a droplet, ⌬C r , was defined equilibrium conditions can be expressed as as the ratio of the decrease in total concentration of ammonia-
cal N in a droplet to the initial droplet concentration and can be expressed as where J con is the sensible heat flow rate into the droplet across the surrounding temperature boundary layer (kJ s Ϫ1 ), J solar is 
where h is the heat transfer coefficient (kJ m Ϫ2 s Ϫ1 K Ϫ1 ), T air is the temperature of the air surrounding the droplet (K), d [32] can be solved numerically employing a backward stepwise scheme for droplet diameters at different times. The computawhere K h is the thermal conductivity of the air (kW m Ϫ1 K
Ϫ1
), tion starts at the end of exposure time, t e , proceeds backward P r is the dimensionless Prandtl number defined as (Incropera at pre-determined time steps, and ends at the beginning of and DeWitt, 1990) the exposure time.
Exposure Time of a Droplet
Velocities of water drops from irrigation sprinklers can be where D h is the thermal diffusivity of the air (m 2 s
Ϫ1
). expressed as (Green, 1952a; Green1952b; Tipler, 1982 ) Heat flow into a droplet from solar radiation is calculated from the incoming shortwave radiation by
where ␣ refl (ϵ 0.23) is the reflection coefficient of an effluent droplet (Allen et al., 1998; Brutsaert, 1982, pg. 136 where v t is called a terminal velocity (Green, 1952a 
for calculating the heat and mass transfer coefficients, h and h w , the equilibrium temperature varies with time as well, and computation of T drop needs to be coupled with calculation of
At time t, the position of a droplet can be represented by Droplet Diameter the height above ground, L y (m), and the horizontal distance Variation of droplet diameter due to evaporation of water from a nozzle, L x (m) can be determined from water balance of a droplet. Water balance of a sphere droplet can be expressed as
where w is the density of liquid water (kg m Ϫ3 ). The diameter where H 0 is the installation height of a nozzle (m). Since L y of a droplet at a given time is needed to solve the differential becomes 0 as a droplet hits the ground, we have Eq.
[31] for diameters at different times during a droplet's exposure time. In sprinkler irrigation, droplet-sizes are usually
measured near the ground surface (Chen and Lin, 1992; Keller and Bliesner, 1990 (Beutier and Renon, 1978; Genermont and Cellier, 1997) it hit the ground. Swine effluent samples from a sprinkler nozzle were collected into cylindrical glass jars (75-mm Table 2 were estimated with a relative water loss of was 2.67 m for Exp. I, 2.20 m for Exp. II, and 1.75 m for Exp. III. 0.025 (Edling, 1985; Kincaid and Longley, 1989; Kohl et al., 1987) . In Exp. I, the observed difference in average In each experiment, 16 collection jars were placed on the wetted ring to collect swine effluent samples at the concentration of ammoniacal N between samples collected at the nozzle and samples collected at the ground ground surface. Nine swine effluent samples (three in each experiment) were collected at the sprinkler nozzles surface was 4.5 g m
Ϫ3
, while the standard error in measured concentration of ammoniacal N was 10.3 g m Ϫ3 to determine concentration of ammoniacal N in the effluent before droplet volatilization loss. Swine effluent for the samples collected at the nozzle and 5.8 g m
for the samples collected at the ground surface. The samples collected in the glass jars were transferred to 40-mL borosilicate glass vials for storage and transportaobserved difference was much less than the sum of the standard errors in concentration measurements. The tion. The samples were brought back to the soil-testing laboratory of Oklahoma State University at Stillwater, same was true for Exp. II. Hence, the measured average concentration of ammoniacal N of the samples collected OK. The Lachat method 12-107-06-1-B (Bloxham, 1993) was used to determine ammonium concentration in the at the nozzles was considered not statistically different from that of the samples collected at the ground surface. swine effluent samples. Means and standard errors of the concentrations of ammonium N in swine effluent
In Exp. III, the measured average concentration of samples collected at the ground surface was significantly samples collected at the ground surface and the nozzles of the sprinkler irrigation experiments are summarized higher than that of the samples collected at the nozzle. The following two processes could cause the concentrain Table 2 . The following equation was used to compute the relative decrease in droplet concentration of ammotion increase: one was the evaporation of water from the acidified solution in the collection jars; and the other niacal N in Table 2 .
was the so-called distillation process in the droplets. The distillation process was defined as the process in which
water was leaving the droplets at a rate greater than that of ammonia. The distillation effect was predicted where ⌬C r is the relative decrease in concentration of by the mechanistic model at pH values Ͻ7.85. Both the ammoniacal N in a droplet; C t0 is the initial concentraevaporation from collection jars and the distillation in tion, which is the concentration at the time a droplet the falling droplets might have been enhanced in Exp.III leaves a nozzle (g m Ϫ3 ); C te is the concentration at the by the relatively low outlet flow rate, and consequently time a droplet hits the ground (g m
).
smaller droplet size, longer collection time, and smaller Loss of ammoniacal N from a droplet in sprinkler volume of the collected solution. The outlet flow rate irrigation can be calculated from the decrease in concenin Exp. III was about a tenth of the rate in Exp. I and tration of ammoniacal N in the droplet and the evaporaabout a quarter of the rate in Exp. II. The collection tion loss of water from the droplet. Mathematically, the time in Exp. III was about two times longer than those relative loss of ammoniacal N from a droplet, ⌬N r , can in Exp. I and II. The amount of solution collected at be expressed as the ground in Exp. III was about a quarter of those in Exp. I and II.
where V 0 is the initial volume of a droplet (m ). The droplet-volume ratio, V e V 0 , is related to the The droplet volatilization model developed in this research can be used to estimate ammonia volatilization relative loss of water from droplet evaporation, ⌬W r , by from droplets of LDN and impact sprinklers. Since a LDN sprinkler delivers water in all directions at the 
Impact Sprinklers
Because of high variability in droplet diameter and radius of throw in an impact sprinkler system, computation of average droplet-volatilization loss of ammoniacal N from the system is more complicated. The computa- , personal communication, 2000) . Weather radial distances produces the radial distribution of reladata measured in field Exp. I was used in the computative loss. The second step is to calculate average relative tion. The installation height, H 0 , radius of throw, L xe , loss of an individual sprinkler using the radial distribuand trajectory angle, φ, were also taken from the experition of relative loss determined in the first step and mental setup. Since no measured droplet diameter was the radial distribution of water applied by the sprinkler available for the LDN sprinklers used in the experisystem. Mathematically, the average relative loss, ⌬N r , ments, 0.5 mm, a lower limit of the reported range of can be expressed as average droplet diameter in sprinkler irrigation (Keller and Bliesner, 1990) , was used for d e in the simulation.
[45] Since the relative volatilization loss increases with the decrease in droplet diameter, the simulated losses using the diameter of 0.5 mm were considered overestimations where R w is the radius of a circular area wetted by a of the actual losses. It is interesting to notice that, within sprinkler (m), P(r) and ⌬N r (r) are the depth of water the reported range of pH in swine lagoons, the simulated applied (mm) and relative droplet-volatilization loss at change in concentration of ammoniacal N in a droplet a radial distance r (m). is quite small in magnitude (Ͻ1%). The relative loss of Using measured radial distributions of droplet diameammoniacal N is quite close to that of water (0.01-0.03 g ter and precipitation depth for a standard 4-mm impact g Ϫ1 ). The simulation result is consistent with the experinozzle sprinkler operating at 138 kPa under low-wind mental observation that the measured average concenconditions (Keller and Bliesner, 1990) and setting the tration of ammoniacal N of the samples collected at the installation height and trajectory angle at 2 m and 15Њ nozzles is not statistically different from that of the respectively, we obtained an average volatilization loss samples collected at the ground surface. Table 3 shows of 1% for the sprinkler system. The swine-effluent pH the predicted relative losses of ammoniacal N and water of 7.97 obtained in the field experiments described in from droplet volatilization and evaporation and the the previous section was used in the computation. measured and predicted relative decreases in concentration of ammoniacal N for the three experiments. Again,
SUMMARY AND CONCLUSIONS
droplet diameter at ground surface, d e , was set at 0.5 mm in the simulations. Both the predicted and measured A mechanistic model was developed to predict ammodecreases in concentration of ammoniacal N were Ͻ1% nia volatilization from swine-effluent droplets in sprinof the concentrations at the nozzle for Experiment runs kler irrigation. Field experiments were conducted to validate the model. Both the measured and simulated I, and II. 
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